A dynamic model of lactic acid fermentation using Lactococcus lactis was constructed, and a metabolic flux analysis (MFA) and metabolic control analysis (MCA) were performed to reveal an intensive metabolic understanding of lactic acid bacteria (LAB). The parameter estimation was conducted with COPASI software to construct a more accurate metabolic model. The experimental data used in the parameter estimation were obtained from an LC-MS/ MS analysis and time-course simulation study. The MFA results were a reasonable explanation of the experimental data. Through the parameter estimation, the metabolic system of lactic acid bacteria can be thoroughly understood through comparisons with the original parameters. The coefficients derived from the MCA indicated that the reaction rate of L-lactate dehydrogenase was activated by fructose 1,6-bisphosphate and pyruvate, and pyruvate appeared to be a stronger activator of L-lactate dehydrogenase than fructose 1,6-bisphosphate. Additionally, pyruvate acted as an inhibitor to pyruvate kinase and the phosphotransferase system. Glucose 6-phosphate and phosphoenolpyruvate showed activation effects on pyruvate kinase. Hexose transporter was the strongest effector on the flux through L-lactate dehydrogenase. The concentration control coefficient (CCC) showed similar results to the flux control coefficient (FCC).
Conventionally, lactic acid has generated interest as a food additive, a component of health care supplies, and a preservative [26] . However, in recent years, lactic acid generates interest as a substitution material of polymers [3] . PLA (polylactic acid) is one of the famous examples of a biodegradable polymer. Moreover, with the greenhouse effect becoming more serious, recent research is mainly focused on replacing the traditional oil industry with green and clean bioindustries. In the same context, the lactic acid fermentation process is being highly studied. If biotechnology-produced PLA can become an alternate material of fossil fuel-based chemicals, the amount of CO 2 emissions can be significantly reduced to step towards the goal of sustainable development. For these kinds of studies, systems biotechnology is an essential tool for the prediction and analysis of the fermentation mechanisms of lactic acid metabolism.
Systems biotechnology is based on high-throughput experimental instruments, which can produce enormous amount of omics data. In systems biotechnology, the computational modeling of metabolism, based on quantitative data of cellular metabolites and specific mathematical equations, can suggest predictive results of experiments or novel approaches to perform better experiments [12] .
Although there were several attempts to construct a kinetic model of lactic acid bacteria [11, 14] , most of these models are extremely simplified or targeted for other products. Additionally, almost none of them included parameter estimation and a control analysis based on experimental data with a detailed pathway model. In this study, a full kinetic model of glycolysis in Lactococcus lactis subsp. lactis (ATCC 19435) was constructed. Enzyme kinetic parameters were estimated from in vivo intracellular metabolite concentrations to construct a more accurate kinetic model. Both metabolic flux analysis (MFA) and metabolic control analysis (MCA) were performed for every considered enzyme and metabolite. MATLAB COPASI and Mathmatica software were used for the calculation and *Corresponding author Phone: +82-2-705-8919; Fax: +82-2-702-7926; E-mail: jinwonlee@sogang.ac.kr simulation of the kinetic metabolism of the lactic acid bacteria Lactococcus lactis subsp. lactis.
MATERIALS AND METHODS

Organisms and Growth Media
Lactococcus lactis subsp. lactis (ATCC 19435) was obtained from the Korean Collection for Type Cultures (KCTC). For the preculture of the strain, commercial MRS broth (Difco, USA) was used. For all other fermentation steps, the growth medium composition was adopted from semidefined media proposed by van Niel et al.
[25], except for glucose. The glucose concentration was reduced to 5 g/l for the establishment of a glucose-limited chemostat culture condition. Every instrument and growth medium was autoclaved at 121 o C for 15 min. Deionized water (DW) was obtained using a water purification system (Human Power I + , Human Corporation, Korea).
Culture Method and Growth Conditions
A single glycerol stock was inoculated into 100 ml of MRS broth and cultured for 15 h in a shaking incubator (SI-600R; Jeiotech, Korea). The culture condition was 33.5 o C at 200 rpm, and the cell growth was monitored with the optical density at 600 nm (OD 6 0 0 ) using a UV-Vis spectrophotometer (BioSpec-mini; SHIMADZU, Japan). When the optical density reached around 1.2, 100 ml of culture broth was centrifuged using a table-top centrifuge (VS-550N; Vision Scientific Co., Ltd, Korea) for 10 min at 4,500 rpm. Cells were washed once and inoculated into 1 l of defined medium. The temperature and agitation speed were the same as the preculture step. The pH was maintained at a constant value of 6.0 with 2.5 N NaOH solutions. Fermentation was performed in a 5-l fermenter (LiFlux GX; Biotron, Korea) controlled automatically with a connected controller.
The chemostat culture was started at the glucose exhaustion point with a dilution ratio of 0.2 h During the whole process, 4 ml of sample was taken every 2 h. Then 2 ml of sample was used for the cell-growth monitoring, and the rest of the sample was centrifuged for 10 min at 13,000 rpm (Micro-12; Hanil Scientific Co., Korea). The supernatants of the samples were stored at -40 o C until further analysis.
Analysis of the Culture Products
The product (lactic acid) concentrations and carbon source concentrations were monitored with a high-performance liquid chromatography system (UV730D detector, RI750F monitor; Younglin, Korea). An ion-exchange column (Aminex HPX-87H, 300 mm×7.8 mm; BioRad, USA) was used with 0.01 N H 2 SO 4 as the mobile phase at 50 o C and a flow rate of 0.6 ml/min. Samples were transferred into a vial with filtration (13 mm, 0.2 µm PVDF syringe filter; Whatman, UK).
Glucose Pulse and Rapid-Sampling Experiment
After the glucose-limited chemostat condition was established, the glucose pulse experiment was conducted. The glucose pulse solution was prepared to give a total 5 mM of pulse. The glucose pulse concentration was adopted from the literature [23] . Because the steady-state concentration of glucose in the bioreactor was far less than 5 mM (0.26±0.07 g/l), 5 mM was a satisfactory concentration for the pulse of the substrate.
To monitor the dynamics of cellular metabolism, a rapid sampling experiment was followed with a sampling device (Foxy 200 X-Y Fraction Collector; Teledyne Technologies Company, USA) connected to the fermenter with a periplastic pump and refrigerating bath (RW-2040G; Jeiotech, Korea). Five ml of pulsed culture broth samples was mixed with the same volume of quenching solution in the tube, which was precooled to -40 o C. The quenching solution was adopted from Faijes et al. [4] , which is 0.85% (w/v) ammonium carbonate in a methanol solution. During 300 s, 100 pulsed samples were attained. The quenched samples were centrifuged at -20 o C (Supra 22K; Hanil Scientific Co., Korea). After centrifugation, cell pellets were snapped frozen in liquid nitrogen and stored at -80 o C until further processing.
Metabolite Extraction and LC-MS/MS Analysis
A modified cold methanol extraction method [4] was used for the intracellular metabolite extraction. First, cell pellets were suspended in 0.25 ml of -80 o C absolute methanol. Second, suspended cell pellets were frozen in liquid nitrogen and thawed at -80 o C. After the three freeze-thaw cycles were completed, samples were centrifuged at -10 o C for 5 min at 13,000 rpm. The supernatants were stored at -80 o C, and another 0.25 ml of cold methanol was added to the cell pellet. The same extraction cycle was conducted with the cell pellet, and supernatants were combined with the first one for a total volume of 0.5 ml.
The detection and quantification of intracellular metabolites were conducted with an HPLC system (Agilent 1200 series; Agilent Technologies, USA) coupled with an MS/MS system (API 3200 triple quadrupole mass spectrometer with turbo-ion spray source; AB/MDS Sciex, Canada). The Analyst software (version 1.4.2; AB/ MDS Sciex, Canada) was used for the data manipulation. The operation condition of the mass spectrometer was as follows: negative ion and the selected reaction monitoring (SRM) mode. The parameters of declustering potential (DP), collision energy (CE), and collision cell exit potential (CXP) were optimized before the analysis. The entrance potential (EP) was fixed at -10 V, and the MS parameters were applied as follows: the ion spray voltage was set to -4,500 V, the nebulizer gas (GS1) and the auxiliary gas (GS2) were set to 20, the curtain gas (CUR) and the collision gas (CAD) were 10 and 5, respectively, and the GS2 temperature was set to be a constant value of 500 o C. Synergi Hydro-RP (C18) 150 mm×2.1 mm I.D., 4 µm 80 Å particle columns (Phenomenex, USA) were used in the HPLC system at room temperature. Eluents A and B were 10 mM tributylamine aqueous solutions with their pH adjusted to 4.95 using 15 mM acetic acid and methanol, respectively. A binary gradient at a flow rate of 0.2 ml/min was applied using an HPLC pump. The intracellular metabolite quantification method was adopted from Luo et al. [13] .
Metabolic Pathway Modeling
The metabolic pathway of Lactococcus lactis subsp. lactis (ATCC 19435) is depicted in Fig. 1 . This metabolic model contains two glucose transfer systems: the hexose transporter (PERM) and phosphotransferase system (PTS). Most studies consider only one of the two systems or describe one as single flux via lumping [7, 8, 14, 21] . Although most of the lactic acid-producing bacteria use the PTS
